Abstract. Power electronic modules are subject to a variety of temperature profiles caused by cyclic thermo-mechanical stress on joints causing device failure. This paper shows how the life time cycle of the power electronic converter is affected in a fuzzy speed controller for a brushless DC motor drives (BLDC). Although there are several papers that show the performance of fuzzy logic speed controllers, there are not enough papers that show how the life time in power electronics is affected according to the power electronic stage losses. Thus, the losses in the power electronic stage are not included into the design of the controller. As a result, the industrial process in which brushless motor drives are installed, decrement their life time. This paper estimates the lifetime cycle in the power electronics stage when a fuzzy logic speed controller is implemented in BLDC. The analysis is based on co-simulation between LabVIEW and Multisim to calculate the response, stablished by the fuzzy logic controller, of temperature because to power losses conduction/switching of the semiconductor (IGBTs), on power electronic stage and the speed control. A comparison between a conventional linear controller and a fuzzy logic controller also is conducted and the results show a superior response in the speed response. In addition, the losses in the power electronic stage are reduced when the fuzzy logic speed controller is implemented. Hence, the fuzzy logic design is evaluated according to the speed response and lifetime in the power electronic stage.
Introduction
Brushless DC motors (BLDCM), are widely used in the industry since they provide advantageous properties as large lifetime, noise robustness, good enough torque-velocity ratio, smaller size and higher efficiency than inductions motors, and rotor losses in BLDCM are minor compared with those in induction machines [1, 2] . Position and speed regulation and/or tracking are commonly the control objectives for a BLDCM i.e. position control is employed in space crafts and servomechanism while speed control is important in robotics, [3, 4] . However, the power electronics (power converter), essential to drive the BLDCM and accomplish the control objectives, is not studied or analyzed deeply even this is neglected in most of the cases. Commutation frequency of power electronics, supply voltage, and tracking commands, are vital conditions for power electronics in BLDCM control applications [5] . These conditions generate a variety of operation modes producing temperature profiles causing cyclic thermo-mechanical stress on power electronic devices [6, 8] . The lifetime expectations of power electronic devices, is defined in terms of the frequency and magnitude of the thermo-stress cycles [6, 8] . The consideration of these operation modes in terms of thermal stress on the design of control strategies, can extend hugely the lifetime of the power electronic devices having direct effects in economic savings [5, 6, 7] .
Discrete power semiconductors are applied on different areas depending of power requirements and operation frequency. For example, SCRs and GTOs are employed on high-power applications while IGBTs and MOSFET are used on high-frequency applications. Then, considering the are application and control requirements, a variety of power semiconductors are available to be utilized, see [12] .
Linear and nonlinear controllers have been designed to ensure the control goals despite disturbances and uncertainties demanding a high performance to power electronics guarantying accuracy, precision, and robustness, in return for a shorter lifetime of power electronics [7] . In this paper, a Fuzzy logic control to regulate the speed on a BLDCM, considering thermo-stress to estimate lifespan of power electronics (h-bridge), is presented. Main advantages of Fuzzy control are: facility to control nonlinear systems without mathematical model; work as adaptive control, commonly Fuzzy techniques are combined with classical PID and nonlinear controller techniques to adapt controller's gains; potential to work as multi-input controllers; and the most important is the capability to encapsulate information from operators adding human knowledge and experience in the performance of the controller [9] .
In this research work, the analysis and estimation of lifetime in power electronics for BLDCM speed control is validated via co-simulation LabView TM -Multisim TM . Cosimulation is understood as the integration of two simulation platforms to form an integrated system where a constant exchange of data between both simulations platforms is maintained. For emulation of BLDCM speed control, co-simulation LabView TM -Multisim TM is a valuable option since Multisim TM contain accurate models of DC drives and power electronics (including thermal analysis), while LabView TM is an useful software for control systems simulation [10] . The contribution of this paper is the design of a fuzzy control to regulate the speed of a BLDCM, dealing with temperature profiles caused by desired tracking commands, lifetime of power electronics is estimated using the temperature profiles produced by the control specifications, the temperature profiles are obtained from the co-simulation LabView TM -Multisim TM .
It is highly recommended that a fuzzy logic controller is designed the speed response has to be achieved but also the thermal response of the power electronics stage has to be analyzed during the design stage. Moreover, it is required that a co-simulation validates the thermal losses in the power electronics stage. If thermal losses are not studied, the lifetime of the electric drive is reduced.
Brushless Motor and Converter
The dynamics of BLDCM are described by equation (1): 
The movement of BLDCM is driven by the current applied on the stator coils that generates a magnetic field orthogonal in the direction of the magnetic field produced by the permanent magnets. Once the movement begins, the rotor position changes constantly, and the position of the rotor must be measured to excite the corresponding coil to the permanent magnet [10, 11] . A common circuit to drive BLDCM´s (composed by voltage source, 3-phase inverter, and three Hall Effect sensors) is the presented in Fig. 1 .
Fig. 1. BLDCM drive co-simulation in Multisim
TM. .
Semiconductor Losses and Lifetime
Power losses in IGBT module consists of the sum of power losses of IGBT chips and FWD chips. Power losses can be classified as either on-state losses or switching losses.
The on-state power losses of the IGBT are calculated by = * + 2 and can be estimated using the output characteristic shown in Fig. 2(a) . The diode on-state power losses are calculated by = * + 2 and can be estimate using the output characteristic shown in Fig. 2(b) . The turn-on energy losses in IGBT are calculated by = ∫ ( * ( )) , the turn-off energy losses by = ∫ ( * ( )) and the turn-on energy in the diode mostly of the reverse-recovery energy is calculate by = ∫ ( ( ) * ( )) . 
The switching losses in the IGBT can be calculated from switching vs. collector current characteristics as it is shown the Fig. 3 . The diode switching losses can be calculated in analogous manner [15] .
The heat conduction of a semiconductor can be simulated in an electric circuit with one IGBT module mounted on a heat sink this circuit is shown in Fig. 4(a) . Using the equivalent circuit of Fig. 4(a) , where is module power loss, is junction temperature IGBT chip, is temperature of heat sink, is module case temperature, is ambient temperature, ℎ( − ) is thermal resistance between case and heat sink, ℎ( − ) is contact thermal resistance between case and heat sink, and ℎ( − ) is thermal resistance between heat sink and ambient air.
The junction temperature can be calculated using the thermal equation ( Modeling of commutation and conduction losses as well as the temperature profiles on IGBT junction is done by electro-thermic networks considering averages on a modulation period [14] , see Fig. 4(b) .
The power cycle life can be calculated from the power cycle capability curve that shows the relation between the temperature change ∆ and the number cycles. The power cycle capability curve is the life curve made when the junction temperature rapid rises and falls.
In these curves, failure caused by deterioration at the interface between the aluminum bonding wire and chip surface interconnection is observed. Fig. 5 . shows the patterns of current flow in the ∆ power cycle test. During the ∆ power cycle test the junction temperature goes up and down in a short time cycle; therefore, outstanding temperature difference between silicon and bonding wire results in thermal stress. The ∆ power cycle lifetime is mainly limited by the aluminum bonding wire joints. 
where is the frequency of the thermal oscillations.
Fuzzy Logic Speed Control Design
Fuzzy control is a qualitative control strategy emulating expert knowledge. In order to satisfy the control objective, the control law in equation (6) is applied: . other variables can be computed similarly as , . A useful methodology to design fuzzy logic controllers is based on a linguistic phase plane [13] (see Fig. 6 ). Computing a fuzzy control using the linguistic plane in Fig. 6 , with the rules presented in Table 1 , it is possible design a controller with small/big rise time as well as small/big overshoot. This design methodology can be applied to design a robust and fast controller decreasing lifespan of power electronics or a moderate control effort in order to extending the lifetime.
Linguistic phase plane has the capability to moderate the control effort and to increase the lifetime of power electronics in BLDCM speed control. Control engineers and researchers should take into account this methodology to add interesting characteristics to their controllers, not given in terms of control performance, but in terms of economic savings, as well as a large lifetime in power electronic. Co-simulation Topology Fig. 7 shows the block diagram implemented in Labview to execute co-simulation, this block diagram contains the block control and simulation loop useful to simulate control systems applications, and the block multisim design to stablish the communication with Multisim TM software, where the power electronics and BLDCM are implemented. The electric circuit used in Multisim is presented in Fig. 1 .
The parameters of the BLDCM are presented in Table 2 . The fuzzy control in equation (13) is implemented using the Fuzzy Logic Toolbox, where input-output membership functions of Fig. 8 were programed. Centroid method defuzzification process is used in the rules shown in Fig. 9 . 
Results
The parameters of the IGBT are presented in Table 3 , and for determining the thermal conditions and life time cycle in the IGBTs, it is necessary to use the thermal information.
Thus, the relationship between the thermal impedance as function of pulse duration (see Fig. 10 (b) ) and the power cycling lifetime curve are required to calculate the life cycles of the IGBTs in the power converter (see Fig. 10 (a) ).
Applying the thermal information of the IGBT, it is possible to calculate the Cycles Before Failure ( ), by equation (4) . Once is computed, the lifetime in years can be calculated by equation (5) . The brushless dc drive is evaluated tracking a desired speed with a fuzzy controller and a proportional control. The gain of the proportional control is = 500 and the fuzzy logic controller is designed in accordance to Figs. 8-9 . The performance of proportional controller and the Fuzzy logic controller is presented in Fig. 11 , where the fuzzy logic controller presents fast speed response and a lower controller index Integral Square Error (ISE).
On the other hand, the maximum temperature ripple is reached when the motor starts. Besides the increments in temperature are presented when the reference speed is changed, the proportional control and fuzzy logic controller track the reference speed (see Fig. 11 and Fig. 12 ).
As it is observed, the fuzzy logic controller allows to reach the speed reference with a lower ISE. Moreover, the fuzzy logic controller is able to maintain a lower value of Table 3 . Maximum ratings of IGBT 10-0B066PA00Sb-M992F09. temperature when is tracking the reference speed. Fig. 13 shows the temperature response when the fuzzy logic and proportional controller are running.
Parameter
The lifetime for this example is computed as follows: the fuzzy logic controller has a temperature maximum of Tjmax=32.382, then ∆T=Tjmax-25°=7.3382. Using equation (7) 
Conclusions
This paper demonstrates one way of increasing the lifespan of power electronics by means of implementation of fuzzy logic control. The results are verified in the application of fuzzy control for regulate the speed of a BLDCM. It is concluded that on-state and switching losses, as well as maximum temperature swing, are lower using fuzzy controller than using proportional controller. The proposal and comparison are validated via co-simulation Labview-Multisim in order to use accurate electric models of Multisim and advanced control design tools of Labview. Furthermore, Multisim 
